ABSTRACT Electrification of transportation has drawn increasing attention for the sake of low-pollution emission and high-fuel economy. Scientific scale forecasting of electric vehicles (EVs) is fundamental to promote EVs' integration for transportation and electric power industries. To capture the evolution pattern, a system dynamics (SD) approach is proposed to simulate and forecast the scale of the EVs. The proposed SD model can integrate various factors and quantify their relationship by comprehensive reasoning. Causal loop diagrams are designed to describe the relationship between factors and variables, and their quantifications are formulated by different business models and surveys. The main procedure for simulation includes survey, problem analysis, variable definition, feedback analysis, and model building. The effectiveness of the SD approach is verified by case studies. Furthermore, sensitivity analysis of the key factors, such as fuel price, subsidy policy, and so on, is also conducted. Growth rate of population at time t C GDP (t) Total quantity of GDP at time t C G (t)
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II. INTRODUCTION
The development of electric vehicles (EVs) is one of the most effective ways for solving the energy and environmental problems [1] - [3] . It is shown in [4] that the level of CO 2 emissions may be significantly affected by the emission-optimal on-road power management of the EVs. Besides, the coordination of the renewable generations and EVs may also help reduce emissions [5] , [6] . However, there still exist significant barriers impeding widespread adoption of the EV technology from social-economy and technical aspects, e.g. the consumer attitudes and perceptions [7] . Moreover, increasing the EV penetration leads to the charging demand, which introduces additional burdens on the operation of the microgrid, distribution network, or other energy systems [8] , [9] . In order to achieve an effective integration of EVs in the transportation and power industry, not only technical issues should be solved, but also a new regulatory scale forecasting and evolution model is required to be proposed. This is an essential and foundational issue to study for charging network planning and impact assessment on the power system with the integration of EVs. Accurate forecasting the scale of the development and evolution of the EVs is a sophisticated task, which is a long-term dynamic process and it is determined by different factors, such as technology, economy, policy, regional development level, etc. Specifically, in terms of the technical part, it indicates sensitive factors on the battery storage features, and consequently, affects the state-of-charge management [10] - [13] in different operation modes [14] , [15] . Besides, the subsidy is an important factor, making the utilization of the EV economically intriguing to the customers [16] . Different factors lead to different evolution patterns. Up to now, several methods have been proposed, regarding the scale forecasting of the vehicles. For instance, a well-studied Bass model was proposed considering the market potential, and coefficient of the innovation and imitation [17] . However, this model is unable to effectively integrate other factors, as well as the relationship between different development stages, so the scale of vehicles could not effectively reflect the evolution features from the microcosmic way. A Gompertz model was proposed in [18] , where an exponential smoothing method was integrated and used to forecast the per capita income and scale. Moreover, an urbanization rate index was introduced to predict the development trend of the area vehicle penetration based on the elastic coefficient method [19] . Since the development of EVs is in the early stage at present, there is lack of data for the relevant research and model validation, and therefore, a behavior survey about consumer purchasing was conducted in [20] . Therefore, consumers' preferences on the price, performance, reliability, safety and convenience could be extracted from the survey data using analytic hierarchy process. In [21] , a logit regression model was used to support the infrastructure layout of EVs from the demand side. While in [22] , the residual grey model was proposed to predict the EV scale. It can be seen that most of the literatures focus on the scale forecasting of conventional vehicles (CVs) with available transportation data or other mature data, which cannot accurately reflect the diffusion features of EVs at different development stages, while few studies are undertaken on the scale evolution of EVs with a limited data at present. Besides, factors contributing to the scale evolution of EVs are considered relatively single in traditional methods, majority of which are modelled by the probabilistic methods, and less interactions between multi-factors are integrated.
Different from the conventional market forecasting, EV is a new automotive technology that is introduced in recent years, while however, few sales data is available. Therefore, it is difficult to forecast the evolution of EVs by classical methods of the market forecasting. Besides, the interactive relationship between different factors is required to be considered during the dynamic forecasting. For example, the EV sales influence the number of charging stations, and the increasing number of charging stations has a positive effect on the demand of EVs, which in turn affects the sales. This example also makes it clear that the analysis must include a complex and dynamic feedback system. Then, system dynamics (SD) approach [23] is introduced to analyze the feedback systems and also describe the interrelated complicated relationship between different factors. The main advantages of SD methodology are its elementary level of mathematical equations with basic arithmetic operations, and standard graphical illustration (causal loop diagrams) for dynamic system simulation. Besides, several software tools, such as Vensim [24] , iThink [25] , Powersim [26] , can be used for modelling and simulation.
This paper studies the scale evolution of EVs based on the SD approach. The main contributions of this paper are as follows:
• A novel SD method is presented to forecast the evolution scale of EVs. Compared with conventional approaches, it integrates multiple factors including social-economy ones, and effectively quantify the interaction between them to make the evolution modeling more complete.
• The casual relationships between different factors are quantified in the SD modeling. Moreover, logic knowledge equations are used to express the common business model, while survey-based method is adopted to build the formulations reflecting relationships with psychological characteristics, e.g. the willingness to buy EV.
• The scale evolution of EVs is implemented based on the development trends of other related factors and their interactions in the SD framework, especially fit for the early stage of EV development when the direct operation data of EVs or related charging infrastructures are deficient. The rest of the paper is organized as follows: Section III gives a short description of the SD methodology, and in Section IV, the modelling approach for transition to EVs based on SD is presented. Test studies are presented in Section V, and conclusions are drawn in Section VI.
III. FUNDAMENTAL OF SYSTEM DYNAMICS
The SD methodology is mainly used for studying and managing complex feedback systems, such as business, economics and other social systems. The main idea of the theory is that the whole system is composed of multiple subsystems, the relationship between the systems or various factors are interconnected, which makes the whole system a feedback system [23] . Feedback, also called causal loop, refers to the situation of X affecting Y and Y in turn affecting X perhaps through a chain of causes and effects [27] . The causal loop diagram may be used to illustrate a system's feedback. The brief symbols of causal relationship are shown in Table 1 . Figure 1 provides a simple example to demonstrate the effect of the causal loop diagram. This figure reveals that the EV demand have positive effect on the number of charging stations. That in turn affects the EV demand via the attractiveness function since increasing the number of charging stations enhances the attractiveness of EV from consumers' perspective. Contrariwise, negative feedback has a reciprocal effect on the system. For example, if the number of produced EV increases, then inversely, the price of these vehicles will fall. Falling price leads to greater demand and so to higher production rate. It means that there is a reciprocal relation between the number of the produced EVs and their prices. In this case, the feedback is called negative feedback and signed with a ''minus''. Figure 2 depicts the main procedures using the SD. First, we define the purpose of the modeling and identify the related system factors. Next, the correlation between factors are quantified by establishing causal loops and flow charts between the factors. Then, the system model is built by the stock-flow diagram, which consists of three types of elements, i.e., stock elements (also called state variables), flow elements, and auxiliary variables and constants. We employ the Vensim platform [24] for the SD simulation, where the constants are the units which are not directed by arrows. The stock variables are shown in rectangular boxes and the remaining elements are the auxiliary variables defined by mathematical equations. Arrows show the relations between different elements of the system. These relations are indicated by the equations which may be edited using a window mask. Besides, the double line arrows depict inflows and outflows of a stock variable. After the SD model is built, the simulation can be implemented. 
IV. SD MODEL FOR SCALE EVOLUTION OF EVs

A. FACTOR SELECTION AND SURVEY-BASED QUANTIFICATION
Factors influencing EV purchasing are countless in the real world, therefore, majority of them among the whole decision space should be identified in the first place. According to the general classification (e.g. performance, price, policies, psychology, others), this paper first selects several factors [28] , [29] which may impact the evolution of EVs as shown in Table 2 , and then evaluates the importance of each factor items using Delphi method [30] , in which experts from different field score of each factor based on their expertise, intelligence, experience and opinion, and evaluate the importance of each factor by calculating the concentration and dispersion degree. Then, in this paper, the main factors are selected as follows: GDP, population, vehicle scale, subsidy, fuel price, purchase price, purchase price difference between CV and EV, vehicle lifetime, charging time, etc. All of those factor items will be considered as variables in the SD modelling procedure.
After the important factors are selected, the relationships between the factors also need to be quantified and formulized. Regarding some obvious mathematical relationships, e.g., the quantity of population is mainly determined by the initial quantity and its growth rate, they can be formulized directly. While for some relationships with psychological characteristics, such as the willingness to buy EV, it is difficult to be formulated directly, thus the survey-based method is adopted to obtain the quantitative relationship. For example, in [29] , TABLE 3. The independent distribution of each factor item's psychological options and ratios according to the survey in [29] . a questionnaire-based survey mainly among young Chinese was conducted among college graduates with certain conditions. In the survey, participants were asked the minimum acceptable psychological thresholds of the given factors when he or she chooses an EV. The results from the 200 valid surveys are obtained, in which the first five questions are shown in Table 3 . The rank results from the 200 people when answering the question ''If you were considering buying an EV, what is your main concern?'' are bared in Fig. 3 . Table 3 quantities the impacts of five different factor items (i.e., range, charge time, price difference, purchase price, fuel price) on the customers' choosing ratio, which can be then formulated with piecewise linear functions, in which the weight of different factor items can be obtained according to the sorting statistics results shown in Fig. 3 .
This section provides a system analysis of the EV scale evolution process, and clarifies the main factors used in this paper, and also how to build the mathematic relationship between the factors with the data and statistic analysis from the survey. The procedures of the factors selection and relationship quantification as described in this part are the foundation for the SD model design. 
B. SD CAUSALITY RELATIONSHIP DIAGRAM
The system behavior of SD is based on the analysis of the internal interaction of various factors. It is assumed that the change of external environment does not bring essential influence to system dynamic behavior, and the functionality and behavior of the system is mainly determined by the causality interaction of factors. According to the factors selected in Section III.A, the SD causality relationship diagram for EV scale simulation is constructed as shown in Fig. 4 , which is made up of three sub-modules, namely vehicle development module, vehicle demand module and evolution module. Vehicle development module depicts the development and the relationship between CV and EV, vehicle demand module demonstrates the impacts of vehicles' utilization life time and the related social economy development, and evolution module shows the relations among the factors which affect the EV adoption. Furthermore, the specific quantified relationship between variables can be represented by stock-flow diagram drawn based on causal loop diagrams.
C. STOCK-FLOW DIAGRAM AND ITS MODULES
According to the analysis of causal relationships, the stockflow diagram for the scale evolution of EVs can be built as shown in Fig. 5 . 
1) VEHICLE DEVELOPMENT MODULE
On one hand, the vehicle development is determined by the vehicle demand incensement and vehicle replacement, which can be represented by the interaction between the vehicle scale and its increment or scrap. On the other hand, the vehicle scale is constituted by different types, including EV and CV, competing with each other for market share. And the market demand from each type of vehicles determines the maximum size of the overall market, as shown in module I of Fig. 5 .
The business model of this module is shown by the mathematical formulas (1)- (4) .
where EV parc is the EV scale, indicating the number of EVs, and the quantity at time t is expressed by EV parc (t). It is determined by the purchase amount of EV (represented by B EV (t)) and the scrap amount of EV (represented by D EV (t)). Similarly, the CV scale at time t can be obtained, represented by CV parc (t). And the purchase amount of CV and EV at time t can be obtained according to the scale of CVs and EVs, and the corresponding average utilization life-time factor. Since at the early stage of EV development, there is no case of large number of scrapped EVs, time delay is introduced as ''delay'' in equation (4) for quantifying D EV (t) .
2) VEHICLE DEMAND MODULE
Due to the social and economic development, the demand for new vehicles increases, so as to promote EV scale growth to a certain extent. Thus, this module is represented by the interactions among socio-economic development, demand for vehicles and EV scale. Because GDP and population dynamic are closely related to the vehicle demand, thus these two variables are used to represent the social economic development in the paper. The specific stock-flow diagram of vehicles demand module is shown in module II of Fig. 5 . The main variables relationships of this module are formulated with the mathematical equations shown below:
VP(t) = (EV parc (t) + CV parc (t)) /POP(t)
ND(t) = (VPT − VP(t)) × α (10)
TD(t) = D EV (t) + D CV (t) + ND(t)
where equations (5)- (6) represents the population dynamics, and equations (7)- (8) depict the GDP variations. The vehicle VOLUME 5, 2017 increment is quantified by the ratio relation between demand factor and the differential of the vehicle number per 1000 people VP(t) and the target of vehicle number per 1000 people VPT , thus TD(t) can be obtained.
3) EVOLUTION MODULE
The EV scale is mainly motivated by its purchase share, which is determined by five factors shown in module III of Fig. 5 , ''Factor of range'', ''Factor of charging time'', ''Factor of price'', ''Factor of eco'' and ''Factor of price difference'', which are impacted by EV R (t), EV T (t), P EV (t), EV CS (t) and P EV-CV (t) respectively. Purchase share of EV EV buy (t) is established to comprehensively evaluate various factors to reflect the attractiveness to EV adoption, which can be expressed as
It should be noted that there may exist more than those five factors which will affect the adoption of EVs in reality, but these are selected as representatives based on the questionnaire survey. More factors can be extended and included in this module and formulated in equation (12) if necessary. In equation (12), β i represents the weight for each factor, reflecting the strength relationship between the factors. In fact, it is difficult to obtain the weight value of those five different aspects based on the business model directly, due to its subjectivity. Therefore, the linguistic weight decision method [31] is used to estimate the quantity of β i according to the survey on the rank results as shown in Fig. 3 , formulated as:
where, l j = j when it is the j th rank, and peo j,k is the number of people who evaluate the k th factor with the j th rank. According to the results shown in Fig. 3 and equation (13), the weight of ''Factor of range'', ''Factor of charging time'', ''Factor of price'', ''Factor of eco'' and ''Factor of price difference'', are listed in Table 4 , respectively. For each factor affecting the purchase share of EV, formulas are needed to reflect transfer relationship between levels. However, it is difficult to be expressed by a fixed business model directly because of psychological decisions. So the results acquired from the survey as shown in Table 3 , are also needed. Taking the formulation process of ''Factor of price'' P EV (t) as an example, it can be observed from the diagram within the green outline in the module III of Fig. 5 that the relation 1 and 2 indicates that the purchase price of EV equals to selling price of EV minus the subsidy as formulated by equation (14) .
Relation 4 is described by equation (12) . Relation 3 indicates the relationship between the ''factor of price'' and the purchase price (×10 4 Yuan), which can be determined using function fitting based on the survey results of the question ''If you were considering buying an EV, in which of the following price ranges would you be shopping?'' in section III.A, which can be represented by equation (15) .
It should be noted that the results of the survey for different people in different areas are not the same, thus the expression of the formula (15) may be different. Taking the last interval equation in (15) as an example, it indicates if the purchase price is more than 30 × 10 4 Yuan, less than one percent of people will buy EV. Other factors and their underlying relations can be obtained in a similar way. 
V. CASE STUDY A. CASE DESCRIPTION
A district of a city in China is selected as an example to validate the SD-based model. According to statistical data of the city [32] , the area is 76.56 km 2 , some initial quantities of related parameters for the EV scale simulation are listed in Table 5 . The average utilization lifetime of the vehicles is set as 10 years. The function ''delay'' in equation (4) is set as 50 months. It is investigated in [33] and [34] that the fertility and mortality in China will both decline in a few decades and the crude birth rate will drop from 0.48% in 2010, 0.30% in 2025, as observed to 0.1% in 2035, and the growth rate of GDP are predicted as 8%, 6%, 5% in 2010, 2025, 2035, respectively. So PRT (t) and GR(t) are both set as a piecewise linear functions, as shown in Fig. 6 . Other simulation parameters are set as follows: the initial time is set as 0 (in the year of 2015), while the end time is set as the 300 th month (in the year of 2040). 
B. SCALE EVOLUTION SIMULATION AND DISCUSSION
According to the basic parameters setting, the evolution of the simulation results shown in Fig. 7 illustrates the scale evolution of CVs and EVs, as well as the purchase share of EV. Overall, it can be seen that with the support of policies, EV purchase share increases linearly. Both of the evolution of CVs and EVs present a growth trend during the first 50 months. As with the motivation of the subsidy for EV and the construction of the charging infrastructures, consumer acceptance of EV promotes the adoption of EVs, and the scale of CV shrinks. As for the evolution of EV, before the 50 th month, EV share just remains at a comparative low level, but increases quickly. After 100 months, the purchase share increase slowly, but still shows a rising trend, which indicates that EVs have entered a rapid developing stage. Fig. 7 also
shows that the scale of CV almost equals to the scale of EVs at the 300 th month, and the scale of EVs will exceed that of CVs according to the evolution trend. Regarding CV, the evolution path can be divided into two stages: in the first stage ranging from the 1 st month to the 60 th month, the increment of CV scale declines to 0 with the short-term subsidies for EVs. After 60 months, with various factors favoring EV evolves, e.g., the development of EVs technology, EV will gradually replace CV, so the scale of CVs begins to decline. However, the development patterns of EVs will present various characteristics in different conditions, different stages and different policies, so it is necessary to study the impacts of various types of factors on the development of EVs, and their development trends and purchase share in different scenarios. Therefore, regarding the impact of subsidy policy for scale evolution of EVs, three different subsidy scenarios are designed, as shown in Fig. 8 , namely high subsidies, medium subsidies and low subsidies. Fig. 9 shows EV and CV scale results in different subsidy policies, accordingly.
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The subsidies promote the attractiveness of EVs. As we can see EV owners at the beginning of the subsidies were similar, however after 50 months, the scale gap of EVs between different cases are expanded to almost 50000, which indicates that subsidy policy is an important factor to cultivate EV market. It can be also seen that high subsidies can stimulate the purchase of EVs at the early development stage. On the other hand, it can be also seen from the simulation result that subsidies for EV will limit the development of CVs. Besides subsidies, the impact of fuel price on the scale evolution of EVs is also analyzed. Fig. 10 illustrates three different development trends of fuel price as testing scenarios. And the simulation results on EV scale and its purchase share are shown in Fig. 11 in those three scenarios. No significant difference is observed of the EV scale in different fuel price scenarios, and the scale of EV stays above 100000 after 300 months, and the gap among three scenarios are about 1000. The same conclusion can be drawn in terms of the purchase share of EV. To understand the internal reason for this phenomenon, an in-depth analysis is performed. Fig. 12 reflects the impact of the fuel price on the ''factor of eco'', which is depicted by EV CS (t) and included in module III of Fig. 5 . The relation between EV CS (t) and fuel priceP FUEL (Yuan/lit) can be extracted through survey statistic, which is formulated as:
P FUEL (t) < 6.75 0.210, 6.75 ≤ P FUEL (t) < 8 0.540, 8 ≤ P FUEL (t) < 9.5 0.805, 9.5 ≤ P FUEL (t) < 10.5 1, P FUEL (t) ≥ 10.5
It can be seen that in the scenarios of high fuel price and medium fuel price, EV CS (t) increase as fast as the rise of fuel price at the beginning part. However, during the 65 th and 70 th month, the increase of EV CS (t) is not consistent with the rise of fuel price. The reason is the factor quantity of fuel price is set as 1 in the simulation when the fuel price over 10.5 Yuan/lit according to equation (16) . Thus, it is shown in Fig. 10 that the fuel price excess 10.5 Yuan/lit after the 60th month both in the high and medium fuel price scenarios. The fuel price is not directly related to the scale of EV, but affects the scale evolution of EVs through the purchase share of EV according to equation (12) . Thus with the parameter setting, EV CS (t) equals to 1 after the 60 th month, and no significant influence of fuel price on the scale evolution of EVs is observed. Nevertheless, it can be draw from the simulation that the change of fuel price will not affect the scale evolution of EVs significantly. Certainly, the reason for such a situation is derived from the questionnaire survey option setting, and wider range of setting quantities will change the influence degree of fuel prices on the scale evolution of EVs.
VI. CONCLUSION
Aiming at detecting the possible evolution patterns and evaluating important factors that affect the adoption rate of EV, evolution models are established based on SD approach. It mainly includes vehicle development, vehicle demand, and evolution modules, formulated by selected key factors. The quantitative relationship between factors can be obtained through the result statistics from surveys, furthermore the development patterns of EVs in different stages are analyzed.
The simulation results show that in the early stage of EV development, because of the low level of technology and imperfect infrastructure construction, the evolution of EVs will be restricted. Government policy will be the main factor which can be used to promote the development of EVs. With the development of technology and infrastructure conditions, market will dominate scale evolution of EVs. The test cases demonstrate effectiveness of the SD methodology, and impacts of different factors on the scale evolution of EVs are also analyzed. Furthermore, additional factors except for GDP, population, subsidies, etc., can be also easily integrated and extend the proposed SD-based simulation model.
According to the system analysis and simulation results, a few suggestions can be given to promote EV development and benefit energy saving: 1) at the early stage of EV development, the government needs to provide a variety of subsidies or tax exceptions to promote the popularization and improve the consumer awareness of the EVs; 2) according to different characteristics of various areas, strengthen the supporting of infrastructure construction, improve the EV charging efficiency, and studies on the business models and service quality for accommodate EV charging; 3) strengthen key technologies such as EV battery systems and improve EV performance and charging convenience, attracting more consumers to choose EVs; 4) Charging price can be integrated into the SD scale model in future with higher EV penetration, and develop a reasonable price mechanism to guide an orderly charging pattern, meanwhile without delimitating the advantages of EV in cost and environment aspects.
